Environmental influences during early development increase the susceptibility to metabolism diseases in adulthood. Assisted reproductive techniques (ART) expose the gametes or preimplantation embryo to a nonphysiological environment that increases the risk of metabolism diseases in later life. However, the precise underlying causes of ART-related metabolism disease remain unclear. In our previous study, by using a mouse model, we found that ART resulted in placental maldevelopment and dysfunction that led to reduced fetal growth. The lipid metabolism and lipid transporters in the placenta were also affected by ART. Based on these findings, we hypothesized that ART may hamper fetal lipid metabolism, which could predispose to metabolic diseases in later life. In the present examination, by lipidomic analysis, we investigated for the first time the effect of ART on phospholipid profiles in the fetal liver in a mouse model and presented it in a detailed overview. We revealed that ART increased significantly the level of lysophosphatidylcholine (LPC), phosphatidic acid (PA), and lysophosphatidylethanolamine in the livers of fetuses compared with those in the controls. LPC and PA acts as signaling molecules involved in the majority of cellular processes regulating many crucial physiological and pathophysiological processes. LPC has been shown to play a crucial role in the development of atherosclerosis and type 2 diabetes, and an increase in PA can result in insulin resistance. We proposed that changes of LPC and PA may be one of the causes of the changes in glucose metabolism and vascular dysfunction in the mouse model of ART. cardiovascular disease, diabetes, in vitro fertilization, lipid metabolism, lipidomics
INTRODUCTION
Epidemiological data and experimental studies have indicated a strong association between stress in early life, as manifested by low birth weight, and a range of metabolic and cardiovascular disorders in later life [1] . These findings have led to the developmental origins of health and disease hypothesis, according to which the action of stressful environmental conditions during sensitive periods of early life leads to adaptive changes, which may result in medical consequences later in life, such as the development of diabetes and cardiovascular disease [2] . Early-life undernutrition is one of the best-documented examples of such conditions because it causes metabolic diseases in adults, such as hypertension, coronary artery disease, type 2 diabetes, and osteoporosis [3, 4] .
During fertilization and preimplantation development, the embryo is highly susceptible to environmental signals [4] . Assisted reproductive techniques (ART) expose the gametes or preimplantation embryo to a nonphysiological environment during embryo manipulation, which would lead to loss of imprinting (LOI) in the preimplantation embryo [5] . In humans, even singletons conceived by ART have a 2.6-fold greater risk of low birth weight compared with those conceived naturally [6] . The children who are born after using ART display higher fasting glucose levels, elevated total body fat composition, raised diastolic and systolic blood pressure, a potential advancement of bone age, and an increase in the incidence of thyroid disorder in comparison with the naturally conceived ones [7] [8] [9] . ATR also resulted in low birth weight in a mouse model [10] . Evidence from a mouse ART model also shows that mice conceived by ART exhibited an increased incidence of vascular dysfunction and changes in glucose metabolism [11] .
Lipids exert important actions in a wide range of physiological processes such as signaling events and trafficking [12] . The lipid homeostasis is fundamental to normal functioning of cells and whole living organisms. Changes in lipid metabolism are associated with cardiovascular diseases and type 2 diabetes [13, 14] . Evidence show that lysophosphatidylcholine (LPC) is an effector that induces insulin resistance and lipoapoptosis of hepatocytes [15] [16] [17] . LPC also plays an important role in atherosclerosis development [18] . Phosphatidic acid (PA) is involved in insulin resistance, and its elevated levels have been found to inhibit insulin signaling in mouse hepatocytes [19, 20] .
Using a mouse model, we previously discovered that the application of ART resulted in placental maldevelopment and dysfunction that led to reduced fetal growth [21] . The lipid metabolism and lipid transporters in the placenta were also affected by ART [21, 22] . Based on these findings, we hypothesized that ART may hinder fetal lipid metabolism, which predispose the fetus to metabolic diseases in later life. In the present study, we evaluated the effect of ART on the lipid metabolism in the fetal liver on Embryonic Day 18.5 (E18.5). We found that in vitro fertilization (IVF) affected the composition of polar lipids in E18.5 fetal livers and that individual LPCs and PAs in fetal livers were increased by IVF, which may be associated with cardiovascular diseases and type 2 diabetes in later life.
MATERIALS AND METHODS

Animals
Virgin 6-to 8-wk-old CD1 female mice, adult CD1 males, Kunming virgin females of at least 5 wk of age, and Kunming vasectomized males were used. All animals were provided with nesting material and housed in cages maintained under a constant 12L:12D cycle at 218C-238C with free access to standard chow and tap water. The present study was specifically reviewed and approved by the Committee on the Ethics of Animal and Medicine of the Tangdu Hospital of The Fourth Military Medical University (approval identification: TDLL-2013051), and was carried out in accordance with the Guidelines the Committee on the Use of Live Animals in Teaching and Research of the Tangdu Hospital of The Fourth Military Medical University. All efforts were made to minimize the number of animals used and their suffering throughout the course of the experiments.
Experimental Design
All female mice were superovulated and assigned to an IVF group and a control group. In the control group, blastocysts were collected after in vivo fertilization and in vivo development. In the IVF group, blastocysts were obtained after IVF and development. All blastocysts were then transferred to pseudopregnant females.
Superovulation
In the IVF group, females were superovulated by intraperitoneal injection of 7.5 IU (0.15 ml) equine chorionic gonadotropin (eCG) (ProSpec), followed by an intraperitoneal injection of 5 IU (0.1 ml) of human chorionic gonadotropin (hCG) (ProSpec) 48 h later.
In Vitro Fertilization
Conventional IVF was performed by using human tubal fluid medium (Millipore). The collected sperm from the cauda epididymis of adult male CD1 mice was suspended in the human tubal fluid medium for at least 30 sec and then placed in a dish in an incubator for capacitation. Capacitation of the spermatozoa was achieved by keeping them in a 378C environment under the conditions of 5% CO 2 and 95% humidity for 1-2 h. The preincubated, capacitated sperm suspension was gently added to the freshly ovulated cumulus-oocyte complexes to obtain a final motile sperm concentration of 1-2 3 10 6 /ml, determined via a hemacytometer. Sperm and oocytes were cocultured for 8 h in insemination medium.
Embryo Culture
In vitro fertilized eggs (22-23 h after hCG), as determined by the presence of two pronuclei, were then cultured under optimized culture conditions (KSOMþAA; Millipore) and assessed for their developmental efficiency in vitro.
Embryo Transfer Recipients
Kunming virgin females were mated with vasectomized Kunming males 4 days prior to embryo transfer. The morning after mating, females were checked for the presence of a vaginal plug, and on finding it, they were assumed to be on Day 0.5 of pseudopregnancy. Embryos were then transferred to the uteri of the pseudopregnant females on Pseudopregnancy Day 3.5 according to standard procedures.
Fetal Liver Dissection
Copulation was determined by the presence of a vaginal plug, and E0 was assumed to be midnight. Fetuses were harvested at E18.5. Pregnant mice were euthanized by CO 2 inhalation followed by cervical dislocation. The livers were excised quickly and washed in ice-cold PBS (Irvine Scientific) to remove blood. After dissection, the fetal livers were immediately frozen in liquid nitrogen and then stored at À808C until lipid extraction.
Lipid Extraction
Lipids were extracted from each sample using the method of Bligh and Dyer [23] . Tissues were homogenized by a polytron (IKA-Werke GmbH). After shaking at 1200 rpm at 48C for 1 h, 250 ll of chloroform and 450 ll of 1 mol/L potassium chloride were added. The samples were vortexed and incubated on ice for 1 min. Lipids were isolated from the organic phase after centrifugation (9000 rpm, 48C, 2 min). The lipids were re-extracted from the remaining aqueous phase with 500 ml of ice-cold chloroform. The two extracts were pooled and vacuum-dried. The dried lipid film was then reconstituted in chloroform: methanol (1:1 [v/v]) prior to analysis by mass spectrometry tests. The lipid samples were spiked with a mixture of internal standards prior to mass spectrometry [24] . Protein assays of liver homogenates were performed using a bicinchoninic acid protein assay kit (Thermo Scientific). 
Mass Spectrometry Analysis of Lipids
Quantification of individual polar lipid species was performed by an Agilent 1200 high-performance liquid chromatography system coupled with an Applied Biosystem Triple Quadrupole/Ion Trap mass spectrometer 4000Qtrap (Applied Biosystems). The samples were introduced into the mass spectrometer by loop injections with chloroform: methanol (1:1) as a mobile phase for positive electrospray ionization mode and chloroform:methanol:200 mM piperidine (1:1:0.1) as a mobile phase for negative electrospray ionization mode, both at a flow of 250 ll/min [25] . Based on the product ion and precursor ion analyses of head groups, two comprehensive sets of multiple reaction monitoring transitions were set up for quantitative analysis of various lipids.
Statistical Analysis
Data were expressed as mean 6 SEM, and the D'Agostino and Pearson omnibus normality test showed that the data were normally distributed. Comparisons of the means of various lipids were performed for the control and IVF group. The differences between the control and treatment groups were determined statistically by using the Student t-test. Analyses were performed via the GraphPad Prism 5 software (GraphPad Software Inc.). The results were considered statistically significant if P , 0.05.
RESULTS
The Relative Levels of Total LPC, Total Lysophosphatidylethanolamine, and Total PAs Were Significantly Increased in IVF Fetal Liver A total of 199 distinct polar lipid species from 11 polar lipid subclasses, including PCs, LPC, PEs, lysophosphatidylethanolamine (LPE), ether-linked phosphatidylcholine (ePC), PGs, PIs, PSs, and PAs were detected and analyzed. It was established that PC is the most abundant phospholipid species in mouse fetal liver (63.25%), followed by PE (21.71%), ePC (3.8%), PI (3.51%), SM plus dihydrosphingomyelin (DSM) (3.29%), and LPC (1.10%). The total lipid fraction of LPC was significantly higher in the fetal livers from the IVF group (n ¼ 6) compared to those from the control group (n ¼ 6) (1.80% vs. 1.10%, P , 0.01); the total lipid fraction of LPE and PG exhibited a similar trend (1.13% vs. 0.92%, P , 0.01; 0.07 vs. 0.06%, P , 0.05) ( Table 1 ). The total lipid fractions of PC, PS, ePC, ether-linked phosphatidylethanolamine (Epe), PA, PE, PI, and SM plus DSM did not change in the two groups (P . 0.05) ( Table 1) .
We also compared the relative levels of the individual classes of polar lipids. The level of total LPC in the control LI ET AL.
group (n ¼ 6) was 1.41 6 0.19 nmol/mg protein, while it was 2.29 6 0.52 nmol/mg protein in the IVF group (n ¼ 6). The ratio of total LPC was significantly higher in the fetal livers from the IVF group (n ¼ 6) than those from the control group (n ¼ 6) (P , 0.01) ( Table 1 ). The value of LPE was also significantly increased in the IVF group (n ¼ 6) relative to the control group (n ¼ 6) (1.44 6 0.25 nmol/mg protein vs. 1.17 6 0.13 nmol/mg protein, P , 0.05) ( Table 1 ). The total PA was significantly upregulated in the IVF group (n ¼ 6) in comparison to that of the control group (n ¼ 6) (0.76 6 0.07 nmol/mg protein versus 0.69 6 0.02 nmol/mg protein, P , 0.05) ( Table 1 ). The relative levels of total PC, SM plus DSM, ePC, PE, Epe, PI, PS, and PG were not changed in the two groups (P . 0.05) ( Table 1 ).
The Relative Levels of Individual LPC Species in the Fetal Livers Were Increased by IVF
Because the relative level of total LPC was significantly increased in the IVF group, we quantified the comparative values of individual LPCs. The amounts of five of seven LPC species were considerably elevated in the IVF group (n ¼ 6) than in the control group (n ¼ 6). In the livers of the IVF group, a higher level of 16:1 LPC was detected than that in the control group (0.041 6 0.005 nmol/mg protein vs. 0.031 6 0.005 nmol/mg protein, P , 0.05) (Fig. 1) . The quantity of 16:0 LPC was also significantly greater in the livers of the IVF group relative to the control group (1.183 6 0.326 nmol/mg protein vs. 0.649 6 0.092 nmol/mg protein, P , 0.01) (Fig. 1) . In the livers of the IVF group, the relative levels of 18:0 LPC (0.633 6 0.146 nmol/mg protein), 20:4 LPC (0.060 6 0.023 nmol/mg protein), and 22:6 LPC (0.061 6 0.020 nmol/mg protein) were significantly higher than in those of the control group (0.381 6 0.042 nmol/mg protein, P , 0.01; 0.026 6 0.008 nmol/mg protein, P , 0.01; and 0.040 6 0.006 nmol/mg protein, P , 0.05, respectively) (Fig. 1 ). There were no considerable differences between the values of 18:2 LPC and 18:1 LPC in the IVF and control groups (Fig. 1) .
In Vitro Fertilization Led to Upregulation of Individual PAs in Fetal Livers
The concentrations of individual PAs in fetal livers of the IVF group (n ¼ 6) and the control group (n ¼ 6) were also compared. The content of 34:2 PA was significantly greater in the livers of the IVF group than in those of the control group (0.143 6 0.020 nmol/mg protein vs. 0.122 6 0.016 nmol/mg protein, P , 0.05) (Fig. 2) . The quantities of 36:5 PA and 36:3 PA were also significantly increased in the IVF group in comparison to those of the control group (0.051 6 0.012 nmol/ mg protein vs. 0.038 6 0.010 nmol/mg protein, P , 0.01; 0.033 6 0.005 nmol/mg protein vs. 0.026 6 0.004 nmol/mg protein, P , 0.05) (Fig. 2 ). Significant upregulation of 38:4 PA (0.040 6 0.008 nmol/mg protein) and 40:7 PA (0.257 6 0.006 nmol/mg protein) was detected in the samples of the IVF group compared to that in the corresponding samples of the control group (0.025 6 0.004 nmol/mg protein and 0.234 6 0.009 nmol/mg protein, respectively, P , 0.01) (Fig. 2 ). There were no considerable differences between the values of 34:3 PA, 34:1 PA, 36:4 PA, 36:2 PA, and 40:6 PA in the IVF and control groups (Fig. 2) .
The Relative Levels of Individual LPE Were Impaired by IVF
We also found that the contents of individual LPE species in fetal livers were increased by IVF. The relative level of 16:0 LPE was significantly increased in the IVF group (n ¼ 6) compared to that in the control group (n ¼ 6) (0.833 6 0.176 nmol/mg protein vs. 0.573 6 0.043 nmol/mg protein, P , 0.01) (Fig. 3) . The concentration of 20:3 LPE was markedly downregulated in the IVF group (n ¼ 6) relative to the control group (n ¼ 6) (0.013 6 0.009 nmol/mg protein vs. 0.038 6 0.007 nmol/mg protein, P , 0.01) (Fig. 3) . The amount of 22:6 LPE in the IVF group (n ¼ 6) was 0.128 6 0.020 nmol/mg protein, whereas it was 0.101 6 0.013 nmol/mg protein in the control group (n ¼ 6) (Fig. 3) . The relative level of 22:6 LPE was significantly increased in the fetal livers of the IVF group. There were no considerable differences between the values of 18:2 LPE, 18:1 LPE, and 20:4 LPE in the IVF and control groups (Fig. 3) .
The Relative Levels of Some Individual PIs in Fetal Liver Were Downregulated by IVF
Although the concentrations of total PIs were not changed in the samples from the IVF fetal livers, the relative levels of some individual PIs were significantly lower in the IVF group (n ¼ 6) than those in the control group (n ¼ 6). The amounts of 36:3 PI, 36:2 PI, and 36:1 PI were significantly reduced in the (Fig. 4) . The relative level of 38:3 PI was significantly reduced in the IVF group and was 0.129 6 0.028 nmol/mg protein, whereas it was 0.329 6 0.077 nmol/mg protein in the control group (P , 0.01; Fig. 4 ). The individual concentration of 40:6 PI was significantly downregulated in the livers of the IVF group compared to those of the control group (0.035 6 0.009 nmol/mg protein vs. 0.049 6 0.011 nmol/mg protein, P , 0.05) (Fig. 4) . The relative levels of seven other polar lipid subclasses we detected were also analyzed and are listed in Supplemental Tables S1-S7 (available online at www. biolreprod.org).
DISCUSSION
In this study, after examination by lipidomic analysis, we present the first detailed overview of the effect of ART on lipid profiles in the fetal liver in a mouse model. Significant differences in levels of LPC, PA, and LPE were found in the livers of IVF fetuses compared with those of the controls. These changes may contribute to an elevated risk of metabolic and cardiovascular disorders in later life. 
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The use of ART has grown rapidly as the infertility rate has increased in recent years. According to the estimates of the European Society of Human Reproduction and Embryology, more than 5 million children have been born by ART until 2014 [26] . However, a growing body of studies has provided evidence that ART augments the risk of cardiovascular disease and results in changes in glucose metabolism [2, 27] . The children conceived through ART displayed increased systolic and diastolic blood pressure and generalized vascular dysfunction as well as signs of atherosclerosis in contrast to those that were conceived naturally [7] . Further research found evidence that the cardiovascular function of children conceived by ART was changed in the fetal period [28] and that glucose metabolism was significantly altered, which may contribute to a higher incidence of type 2 diabetes in later life [29] .
Nevertheless, whether these changes were caused by ART itself or the factors responsible for human infertility has not been determined. The mouse model is particularly useful in studying the effects and underlying mechanisms of ART on long-term health in later life [11, 30] . The findings of some investigations that showed changes in glucose metabolism and vascular dysfunction in humans conceived by ART are consistent with those obtained in a mouse model of ART [10, 11, 29] . However, the mechanisms of ART-induced metabolic and cardiovascular disorders are still unknown. With the rapidly growing population of humans conceived by ART, one of the most pressing issues is to reveal the causes of the metabolic and cardiovascular disorders and to minimize the health risks for people conceived by ART. 
CHANGES OF PHOSPHOLIPIDS BY IN VITRO FERTILIZATION
Lipid homeostasis has a fundamental impact on human health maintenance [31] . The changes of lipid metabolism are associated with the appearance of cardiovascular diseases, nonalcoholic fatty liver, and type 2 diabetes [13, 14] . In the present study, we found that lipid homeostasis was disturbed by ART. The relative levels of total LPC, total LPE, and total PA were significantly increased in IVF fetal livers. LPC and PA act as signaling molecules involved in the majority of cellular reactions that regulate many crucial physiological and pathophysiological processes [32, 33] . Atherosclerosis, a progressive disease of arteries, is the most widespread cardiovascular disorder and the leading cause of death in the world [34, 35] . The atherosclerotic lesion is characterized by the accumulation of lipids, and higher concentrations of LPC have been found in atherosclerotic plaques [36] . Associations between LPC and atherosclerotic plaque inflammation have been confirmed [37] . LPC, localized in human atherosclerotic plaques, may also contribute to the generation of calcifying vascular cells [38] . Some studies have also found evidence that apoptosis of vascular smooth muscle cells alone is sufficient to induce plaque vulnerability in atherosclerosis, and LPC exerts cytotoxic effects on vascular smooth muscle cells and induces their apoptosis [39, 40] . Furthermore, reports reveal that LPC is associated with type 2 diabetes. The amounts of six LPC species were significantly increased in the plasma of patients with type 2 diabetes compared with those in the plasma of healthy, nondiabetic participants, indicating that circulating LPCs may be potential biomarkers for the assessment of the risk for type 2 diabetes [41, 42] . In addition, as an important lipid intermediary, LPC is an effector of fatty acid-induced insulin resistance [17] . Nonalcoholic fatty liver disease is frequently associated with type 2 diabetes, obesity, cardiovascular risk, and insulin resistance [43] . LPC has been described as a death effector in the lipoapoptosis of hepatocytes, and the content of LPC in the liver specimens from patients with nonalcoholic fatty liver disease is significantly increased [16] . The mammalian target of rapamycin (mTOR) regulates cell growth and metabolism, and its change is linked with type 2 diabetes, obesity, and neurodegenerative diseases [44] . PA is essential for the stability and activity of mTOR [45, 46] . Further research indicates that PA can displace the mTOR1 inhibitor DEPTOR and activate mTOR1 [47] . PA causes insulin resistance by disrupting the association of mTOR and rictor and by inhibiting insulin signaling to Akt [20, 48] . Generally, the changes of LPC and PA are associated with many crucial pathophysiological processes. In this study, as established by lipidomic analysis, we present evidence that ART disrupted the metabolism of phospholipids; particularly, the levels of LPC and PA were significantly increased in the fetal liver generated by ART. Changes of LPC and PA may be one of the causes of the changes in glucose metabolism and vascular dysfunction in the mouse model of ART.
Substantial evidence supports the hypothesis that an adverse intrauterine environment during critical periods of development results in structural and functional changes in the developing fetus, which would contribute to an increase in the risk of cardiovascular disease and diabetes in later life [49, 50] . Accumulating research confirms that the fetal and placental growth trajectory is significant and is therefore appropriate for assessing fetal stress in utero, and their alterations are linked to the incidence of cardiovascular and metabolic diseases in later life [51] . Changes in the fetal and placental growth trajectory have been found in human and animal models conceived by ART [52] . In our previous study, we established that ART led to placental overgrowth and reduced fetal weight at late gestation in the mouse [21] . Increased placental steroid glucuronidation, altered placental metabolism, and impaired nutrient transport have been documented in mouse placenta generated by ART at a later gestational stage [21, 22, 53] , supporting the hypothesis that placental development and functions, particularly nutrient transport, are seriously influenced by ART [21, 54] .
Studies of human and animal models have shown that placental malfunction will result in metabolic or cardiac disease later in life. Epidemiological studies have demonstrated that placental size or morphology is associated with cardiovascular disease in later life [55] [56] [57] . Ultrasonographic parameters revealed that placental insufficiency leads to fetal cardiovascular compromise [58] . Studies on mouse have shown that targeted inactivation of the p38a gene results in embryonic lethality at midgestation, correlating with a massive reduction in the myocardium and malformation of blood vessels in the head region because of severe defects in placental development [59] . A rat study showed that uteroplacental insufficiency influences arterial stiffness and vascular function in the adult male [60] . Based on these findings, the concept of the placentaheart axis has been proposed [61] . The placenta also plays a fundamental role in the transfer of lipid moieties to the fetal compartment [62] . Excessive mother-to-fetus fatty acid transfer can induce lipid overaccumulation in different fetal organs and tissues [63, 64] . Abnormal placental phospholipid transfer protein transport from the mother to the fetus is associated with fetal alterations in HDL lipid composition [65] . Considering that the influence of placental development and function would disturb hepatic gene methylation and fetal metabolism, it is a matter of some urgency to ascertain whether the changes in phospholipids in the fetal liver are primarily induced by ART or are secondarily caused by placental dysfunction resulting from ART [66] .
Embryo manipulation leads to LOI in preimplantation embryo [5] . However, investigations have revealed that LOI persisted in the extra-embryonic tissues (placenta and yolk sac) but not in fetal tissues at the midgestation stage in mouse [67] [68] [69] [70] . We hypothesize that the placental dysfunction resulting from ART, including perturbed placental endocrine function, altered placental metabolism, and impaired nutrient transport, can lead to fetal maladaptation and changes in the fetal programming that lead to changes of phospholipids in the fetal livers in mice. Our current aims are to determine the effect of the placenta on metabolic diseases caused by ART. These approaches are important to create tailored prevention strategies to counterbalance the risk factors of metabolic disease induced by ART.
